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Renin synthesis, storage, and release in the rat: A morphological
and biochemical study. When a marked stimulation of the renin-
angiotensin system induced in the rat by bilateral adrenalectomy
and salt-depletion is abruptly blocked by a 48-hr substitution
treatment with desoxycorticosterone acetate (DOCA) and salt-
load, one observes: I) an absolute increase of a form of renin
revealed only after prior acidification (pH, 2.5) of kidney extract
before usual incubation at the optimum pH of 6.5 and 2) the
simultaneous appearance of many granules containing crystalline
cores in the epithelioid cells of the juxtaglomerular apparatus.
These observations are compatible with the existence of two forns
of renal renin and show that after renin-depletion of the kidney,
newly synthesized renin is mainly in the acid-activated form. Stor-
age of this renin in the epithelioid cells may possibly take the form
of secretory granules with crystalline cores. It is speculated that the
acid-activated form of renin may be either a renirt proenzyme or a
protein-bound form.
Synthese, stockage, et liberation de Ia rénine chez le rat:
Etude morphologique et biochimique. Lorsqu'une stimulation im-
portante du systéme rénine-angiotensine, déterminée chez le rat
par Ia surrénalectomie bilatérale et Ia déplétiorL de sodium, est
brusquement bloquée par l'administration durant 48 heures d'un
traitement substitutif associant DOCA et charge en sel on observe:
I) l'augmentation en valeur absolue d'une forme de rénine révélée
seulement après acidification préalable (pH 2,5) de l'extrait de rein
avant l'incubation habituelle au pH optimal (6,5) et 2) l'apparition
simultanée de nombreux granules, contenant une partie centrale
cristalline, dans les cellules épithélioTdes de l'appareil juxta-glo-
mérulaire. Ces observations sont compatibles avec l'existence de
deux formes de rénine rénale et montrent que Ia rénine nouvelle-
ment synthétisee après une déplétion rénale en rénine est surtout
sous Ia forme activable par l'acide. La mise en reserve de cette
rénine dans les cellules épithélioTdes pourrait prendre Ia forme de
grains de secretion avec une partie centrale cristalline. Il est suggéré
a titre d'hypothèse que Ia forme de rénine activable par I'acide
puisse être soit un pro-enzyme soit une forme liée aux protéines.
It is generally accepted that renin is mainly synthe-
sized in the juxtaglomerular apparatus of the renal
cortical tissue [1—31. Within this apparatus, renin has
been shown to be contained in the specific granules of
the epithelioid (or juxtaglomerular) cells [4—6]. This
is accounted for by the fact that, in many situations,
the number of granules, as well as the number of cells
containing granules, vary in parallel to the plasma
renin activity [7], or to the renal renin content [8—10].
However, not all experiments have demonstrated
such a correlation, and the validity of a "granular cell
index" for appreciating the activity of the renin-an-
giotensin system has been questioned [for review, cf.
2].
One of the controversial experimental situations is
the bilateral adrenalectomy in the rat. In this case, the
stimulation of the renin-angiotensin system seems to
be maximal, since the plasma renin activity is very
high [11], while the renal renin content is simultane-
ously reported to be normal or low [11] and the
juxtaglomerular cells appear degranulated [12, 13].
Such data are interpreted as renin, which is synthe-
sized at an increased rate after bilateral adrena-
lectomy, being also released more quickly and thus
not stored within the cells [14]. Accordingly, the for-
mation of specific granules is viewed as a storage of
the hormone, measured as renal renin content, and
not as a necessary step between synthesis and secre-
tion.
Evidence for this hypothesis has been sought by
blocking the release of renin with a substitutive treat-
ment of desoxycorticosterone acetate (DOCA) and
saline on animals in which synthesis of the hormone
was maximally stimulated. In this condition, much of
the renin seems to be stored in inactive form, which
could represent a protein-bound form of the hor-
mone such as described recently by Boyd [15]. Simul-
taneously, numerous specific granules reappear in thejuxtaglomerular cell cytoplasm, and many of them
display a crystalline matrix.
Methods
Received for publication May 27, 1976;
and in revised form October 7, 1976.
© 1977, by the International Society of Nephrology.
161
Male rats (Wistar) weighing 300 g were separated
into two lots (Fig. I). The first group of rats was
subjected to bilateral adrenalectomy via a mid-dorsal
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Fig. 1. Kidney renin Content of adrenalectomized rats before
and after H acidfication of kidner extracts.
incision under pentobarbital (Nembutal°) anesthe-
sia. After surgery, a group of animals received a
regular diet for five days (sodium, 100 mEq/kg of rat
chow), followed by a salt-free diet for three more
days (sodium, 20 mEq/kg of rat chow) and a sub-
cutaneous injection of 2 mg of frusemide, an inject-
able potent diuretic of rapid action, on the seventh
day. The second group of adrenalectomized animals
received the same treatment which was interrupted
on the eighth day by the subcutaneous injection of 6
mg/day) of DOCA (Percorten per animal (3 X 2
mg/day), associated with a salt-rich diet (regular diet
supplemented with 0.9% sodium chloride as sole
drinking solution). DOCA injections and salt-rich
diet were discontinued after 48 hr.
As a preliminaty experiment, the effect of the sole
sodium chloride or DOCA administration was also
tested separately in other rats of the same weight.
At the end of each of the experimental periods, the
animals in each group were allocated at random to
biochemical or morphologic examination. In the ani-
mals allocated to biochemical investigation, the
plasma renin activity, the plasma renin substrate, as
well as the renal renin content were determined. The
kidneys of the other animals were processed for elec-
tron microscopic examination of the structure of the
juxtaglomerular cells.
Arterial blood was drawn by carotid cannulation
from each rat at the end of the experimental period.
Each sample (12 ml), to which 0,2 ml of 35% EDTA
was added, was centrifuged for 10 mm at 3000 rpm at
4° C, then filtered through glass-wool and kept fro-
zen at —20° C.
Plasma renin activity (PRA) was measured by ra-
dioimmunoassay of angiotensin I generated during a
12-hr incubation at pH 6.5 and at 37° C [20]. Plasma
samples were prepared and incubated according to
the micromethod of Boucher [161.
Plasma renin substrate (PRS). Aliquots of 0.1 ml of
plasma were incubated with 0.5 ml of homologous
crude renin extract and diluted with 2 ml of sedi-
mented moist Dowex renin (50 W-X2, 100 to 200
mesh) at a pH of 6.5 and at 37° C for 30 mi PRS
was measured in terms of the angiotensin I generated
during this incubation period.
Renal renin content (RR). At the same time as
blood was drawn, one of the kidneys was removed
from each rat and kept frozen at —20° C until proc-
essed. Each kidney was individually thawed, sliced,
and homogenized in a Potter apparatus with 100 ml
of 0.9% sodium chloride per kidney. The mixture
was then frozen and thawed six times by changing
temperature between —20° C and +4° C, and centri-
fugated for 10 mm at 3000 rpm.
An aliquot of 10 ml of this ensuing supernate was
diluted with 40 ml of 0.9% sodium chloride, then
filtered under pressure through a Buchner funnel
(50jt pore size) and dialyzed for 24 hr against phos-
phate buffer (1/15 N; pH, 6.5). Fifty pJ-aliquots of
the dialyzed supernate was incubated with homolo-
gous substrate (19 mg of freeze-dried rat substrate in
I ml of distilled water) during 3 hr at 37° C.
To reveal the form of acid-activated renin, another
aliquot of the kidney extract was acidified first to a
pH of 2.5 by a 24-hr dialysis against Sorensen buffer
(0.1M glycocol, 0.IM sodium chloride, 0.lM hydro-
chloric acid), followed by a 24-hr dialysis against
phosphate buffer (1/15M; pH, 6.5), to bring back the
extract to the optimum pH for rat renin.
Electron microscopy. The animals were perfused
through the aorta under pentobarbital (Nembutal®)
anesthesia with a solution of 2.5% of glutaraldehyde
in cacodylate buffer, 0.075M, pH of 7.4 [17]. Both
kidneys were removed after 10 mm of perfusion, cut
in small pieces, and left in the same fixing solution for
at least 2 hr. Subsequently, the specimens were post-
fixed in 1% phosphate-buffered osmium tetroxide
(pH, 7.4), dehydrated in alcohol, and embedded in
Epon. In both kidneys of each experimental animal,
several juxtaglomerular apparatuses were localized
on semi-thin sections by phase-contrast light micro-
scopy. Thin sections of these juxtaglomerular appara-
tuses were cut on ultramicrotomes (Porter Blum or
LKB) with diamond knives, contrasted with uranyl
acetate and lead citrate, and examined in a electron
microscope (Philips 300).
Statistical methods: Values are given as means +SD,
and statistical analyses were performed using Stu-
dent's t test.
N= 12 N = 10
I P<0.1 I
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Results
Normal values (for 300 g male rats). PRA: 18.2
5.9 ng/ml/hr (N = 19); PRS: 320 17 ng/ml (N =
8); RR: 140 + 40tg/mg of kidney tissue (N = 7).
Preliminary experiments of blockade with sodium
chloride alone or DOCA alone indicated that neither
was sufficient to inhibit renin stimulated in the first
part of the study. With sodium chloride alone, PRA
was 708 + 289 ng/ml/hr (N = 7); with DOCA alone,
PRA was 933.2 + 403.9 ng/ml/hr (N = 6); whereas
with sodium chloride and DOCA, PRA was 51.1
20.5 ng/ml/hr (N = 4).
In order to confirm complete adrenalectomy and
because of the possible accessory adrenal glands in
the rats, corticosterone plasma level was checked in
the survivors of the first part of the experiment
(group I). It was found below the limit of detection of
the method (protein-binding).
Plasma renin activity (PRA) (Table 1). Eight days
after bilateral adrenalectomy and stimulation by salt-
depletion, PRA in the first group of rats in all three
experiments was markedly increased to 1142.4
345.6 ng/ml/hr compared to normal values (P <
0.001). In the second group, PRA was considerably
lowered to 50.5 33.7 ng/ml/hr(P < 0.OOl)but was
still significantly higher than normal values (P <
0.00 1).
Plasma renin substrate (PRS). In the first group of
rats, PRS values were lowered to 66.1 9.2 ng/ml (P
< 0.001), whereas in the second group, it rose to
205.2 169.5 ng/ml, a value not significantly differ-
ent from normal values (P> 0.05). The difference of
PRS between groups I and 2 was statistically signifi-
cant (P < 0.05).
Kidney renin content (RR). Kidney renin content
was 104.4 72.3tg per mg of kidney tissue in the first
group of animals and 134.5 47.1tg per mg of
kidney tissue in the second group. Although the dif-
ference between these values was not statistically sig-
nificant (P > 0.1), a significant difference (P <0.001)
appeared when samples were acidified prior to in-
cubation: RR in the first group was 219.9 l09.9tg
per mg of kidney tissue as compared to 562 274 in
the second group. As a result of acidification, the
four-fold increase of RR in the second group and the
doubling of RR content in the first group of animals
were statistically significant (P < 0.01 and 0.001,
respectively) (Fig. 1).
Morphologic results. The description which follows
is meant as a qualitative evaluation of the changes
observed. No attempt at a quantitative analysis by
morphometry of these changes has yet been carried
out.
The fine structure of the epithelioid cell profiles in
the rats submitted to both experimental conditions
differed markedly from that in control, unoperated,
and untreated animals. In the control animals, the
characteristic feature of the epithelioid cell cytoplasm
is the presence of specific granules (Fig. 2). Although
present in variable numbers from one cell to another,
they are generally numerous and their matrix is
homogeneous. As far as the other cytoplasmic organ-
elles are considered, neither the rough endoplasmic
reticulum nor the Golgi apparatus is prominent;
mitochondria are sparse as well.
These features contrast with those found in the
epithelioid cells eight days after bilateral adrena-
lectomy and salt-depletion. In this situation, the
epithelioid cells appear in increased numbers and
they contain only a few specific granules (Fig. 3); on
the contrary, the rough endoplasmic reticulum shows
a marked development and its cisternae often contain
a flocculent, moderately electron dense material
(Figs. 4 and 5); in these cells, mitochondria are abun-
dant (Fig. 4) and the Golgi apparatus is well devel-
oped (Fig. 6). Some specific granules in the Golgi
area sometimes show a core with a periodic pattern
(Fig. 6).
The ultrastructure of the epithelioid cells changes
again markedly following 48 hr of blockade of the
renin release by DOCA treatment and a diet rich in
sodium chloride. In these cells, the specific granules
Table 1. Biochemical results in the two groups of rats after maximal stimulation of renin and after this stimulation was abruptly blocked
Renal renin
Plasma renin Plasma renin tg/mg of kidney tissue
activity substrate Before After
ng/ml/hr ng/ml acidification acidification
GroupI(N= 12) 1142.4 345.6 66.1 9.2 104.4 + 72.3 219.9 109.9
Exp. 1 (N = 4) 1039.5 138.6 39.3 9.2 192.3 52.4 288.1 107.7
Exp. 2 (N = 4) 1520.9 139.5 98.8 75.9 46.4 20.1 255.0 + 99.1
Exp. 3 (N = 4) 866.7 + 304.6 60.3 43.4 74.5 + 52.3 116.6 + 27.4
Group 2 (N = 11) 50.5 33.7 205.2 169.5 134.5 47.1 562.0 274.7
Exp. 1 (N = 4) 62.8 31.9 53.0 + 10.8 120.0 + 26.5 691.7 462.6
Exp. 2 (N = 4) 60.9 + 37.8 392.2 122.0 115.0 + 53.8 530.0 + 227.8
Exp. 3 (N = 3) 20.1 + 9.9 158.3 + 36.9 175.0 + 37.7 475.0 + 96.4
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Fig. 2. Control pertused L.idnev. Low magnification picture shows well-granulated epithelioid cells in the wall of the affcrent arteriole. Part
of the glomerulus is seen in the upper side of the image, X 5,000.
appear now numerous, whereas the rough endoplasmic
reticulum and mitochondria become less prominent.
Moreover, the main feature of this condition is that
numerous granule cores display a regular periodic
pattern (Figs. 7, 8, and 9). The Golgi apparatus shows
the morphologic signs of intense activity (Fig. 7), and
it is not infrequent to observe in the Golgi area large
vacuoles containing several dense masses, some of
which show the regular periodicity of granule cores
outside the Golgi region. Such images suggest the
coalescence of the dense masses so as to form "mature"
specific granules with or without periodicity in their
core.
Discussion
To support our hypothesis, bilateral adrena-
lectomy was used because it represents one of the
most effective means of stimulating renin secretion.
Salt and water losses were accentuated in the present
experiment by a salt-free diet and the administration
of a diuretic. In this situation, in which the synthesis
and the release of renin were maximal and where the
specific granules of the juxtaglomerular apparatus
were very sparse, a substitution treatment with
DOCA and saline was administered in order to ob-
serve regranulation.
As already demonstrated [18, 20, 21], suppression
fly
Afferent
arteriole
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Figs. 3 to 6. ,4drenalecto,ni:ed rots with salt—free diet plus diuretic. Fig. 3: Low magni/ication ofajuxtaglonieru/ar apparatus. The epithelioid
cells in the wall of the afferent arteriole are degranulated (compare with Fig. 2). Cytoplasmic changes accompanying degranulation are
illustrated at higher magnification in Figs. 4 and 5 (areas outlined in black). X7,000. Fig. 4: High magnification oft/ic area outlined ui the
right part 0/ lig.3shoiiung an epithe/ioid cell citoplasm which contains most/i profiles of rough endop/asnnc reticu/uni (RER) and nutochondrio
(in). X2 1,000, Fig. 5: High magnification of the area outlined in the left port of Fig. 3 showing dilated cisternae of rough endoplasmic reticulum
IRER ) containing a nioderate/r dense materiaL m = mitochondrion; SG = secretorygranule. x 21,000. Fig. 6: Golgi area (G) in a degranu-
lated cell. Golgi cisternae are prominent and surround a vesicle containing a paracrystalline core (CC). Note that the limiting membrane in
one part of the vesicle bears a definite "coat" (dotted arrow). Coated microvesicles (solid arrows) are also present among Golgi cisternae.M = mitochondrion; mt = microtubules. X 55,000. (Seepage 166 for Figs 4. 5, and 6).
of renin secretion is almost maximal 48 hr after such
a treatment, and control experiments confirm that the
combined treatment (DOCA + NaC1) is needed to
induce a positive sodium balance and weight gain
(+7% in this study). As expected, our results show a
very high level of PRA in the first group of adrena-
lectomized animals with return toward normal values
of both PRA and PRS 48 hr after DOCA and supple-
mentation with sodium chloride. Kidney renin con-
tent remains low in both groups, with a slightly greater
increase in the second one.
After acid treatment to a pH of 2.5 of the kidney
extracts, however, renal renin is increased in both
groups. It is double in the first group, and a four-
fold increase is seen in the second one.
Morphologically, as already observed after bilat-
eral adrenalectomy {7, 12, 131, the juxtaglomerular
cells show an extensive development of the rough
endoplasmic reticulum (RER), whereas specific gran-
ules appear to be scarce. The striking development of
the RER, which contains a flocculent electron dense
material, has been reported as consistent with an in-
creased synthesis of renin [13].
After a 48-hr blockade with DOCA and saline, the
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Figs. 7 to 9. 4 drenalecto,ni:ed rats with salt-free diet plus diuretic, followed by 2 days of DOC'A -treatment and salt—rich diet. Fig. 7:Several
forming secretory granules (SG) associated with a well-developed Golgi complex (Gi. The largest granule contains several dense masses of
moderate electron density. m = mitochondria. X 32,000. Fig. 8: High magnification of afield 01 an epithelioid cell showing several vacuoles
in the Go/gi area (G). The Content of the vacuoles is irregularly-shaped and shows in many instances a definite periodicity (outlined by short
parallel lines). The spacing of the periodic pattern may vary from approximately 160 to 230 A (cf. Fig. 9). X 83,000. Fig. 9: Several specific
granules in a regranulated epithelioid cell. The specific granules have a moderately electron-dense content with periodic pattern of variable
spacing (outlined by short parallel lines). Most of the patterns consist of parallel bands but a honeycomb structure is visible in some regions
of the granule core (*), or within the entire core, as shown in the insert. The honey-comb pattern probably represents a cross-section of the
periodic bands. X 44,000. Insert: X 60,000. (See page 168 for Fig. 9)
specific granules become more numerous and the
other organdies, including the RER, appear to be
less developed.
Several authors have observed that renin could
exist in two different forms, one directly active at the
usual optimum pH, and the second inactive at this
pH but activated after prior exposure to low pH
(2.5) before normal incubation at optimum pH (6.5).
This unusual response on acidification was previously
thought to be an artifact [22—24], until Skeggs et al
[25] showed two interconvertible forms in the pig:
renin I converted into renin II by acid treatment.
Later on, similar forms of renin have been identified
in different materials and species [26—30]. Boyd [15]
also isolated two forms in pig kidney cortex: a pro-
tein-bound form (renin B) which became undistin-
guishable from the active form (renin A) after acid
treatment. He suggested that both forms could be in
equilibrium and that most of the extractable kidney
renin content could be in the bound form. These two
forms could correspond to renin I and 11 of Skeggs et
al [25], respectively.
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Our biochemical results also show a marked in-
crease in kidney renin content values after acid treat-
ment, in both groups of rats. And in particular, the
kidney's content of this acid-activated form of renin
is substantially greater in the second group, after the
blockade of the hormonal release. Since simultane-
ously, specific granules in our observation are more
numerous and the other organelles less developed, it
seems probable that the newly synthesized renin re-
sides within the newly formed granules. This is con-
sistent with our hypothesis according to which spe-
cific granules represent mostly a storage of the
hormone and not an activity index of the juxtaglo-
merular apparatus.
Moreover, one could say, if this form of acid-
activated renin corresponds to Boyd's renin B, that
the newly synthesized hormone should be stored un-
der the protein-bound form or, as reported recently
by Leckie and McConnel [31], under the active form
combined with an inhibitor which is destroyed by
acid treatment. Frusemide administration has been
reported to stimulate only the release of the active
form of renin in the dog [32]. This fact could explain
in part the four-fold increase of the inactive renin in
the second group if the kidney has been depleted
from the active form (renin A) after frusemide treat-
ment.
One peculiarity of our observation is that many
S
Storage of acid-activated renin 169
specific granules display an unusual appearance,
namely they show a regular periodic pattern within
their matrix. Similar aspects have already been de-
scribed in the juxtaglomerular cells of rats with con-
stricted renal arteries, or in the normal monkey and
man [33]. Furthermore, the high incidence of these
cytoplasmic crystalline cores within small granules
associated with the Golgi apparatus has led to the
hypothesis that the crystals are characteristic of
newly formed or immature granules [33]. It is very
appealing to think that this special aspect of the
granules could be related with the newly synthetized
renin, namely the acid-activated form.
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